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Abstract 

In this article, we study the i and | heavy and doubly heavy baryon states Tjq{^ ), 
, , _ H'Q(i-), nQ(i-), HQQ(i-), nggi^-), H^Cf"), 0^(1"), H^Q(f ~) and f^^gd') 

^— ^ . by subtracting the contributions from the corresponding and |^ heavy and doubly heavy 



(N 



(N 



baryon states with the QCD sum rules in a systematic way, and make reasonable predictions 



for their masses. 

^3 , 
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• 1 Introduction 

^ 1' In the past years, there have been several experimental progresses on the spectroscopy of the heavy 

1^ . baryon states. In 2006, the Babar collaboration reported the first observation of the |^ excited 

singly-charmed baryon state fl* in the radiative decay fi* — > flc'y at the PEP-II asymmetric energy 
i3-factory at the Stanford linear accelerator center [T]. By now, the and ^ antitriplet charmed 

^ '. baryon states (A+, E+, E°) and (A+(2595), S+(2790), S0(2790)), and the ^"^ and sextet charmed 

00 ' baryon states (fie, ^c'^'c) and {Q*, have been observed [1]. In 2008, the DO collaboration 

CO i reported the first observation of the doubly strange baryon state n^J" in the decay channel fi^ — )■ 

00 ' J/ipfl~ with J/ip — )■ ^'^ ^~ and Vl~ — > KK~ in the pp collisions at y/s = 1.96 TeV [3]- However, 

the CDF collaboration did not confirm the measured mass M^- = (6.165 ± 0.010 ± 0.013) GeV 
[4], they determined the mass to be (6.0544 ± 0.0068 ± 0.0009) GeV. By now, the 5- wave bottom 



m 

■ baryon states are far from complete, only the Af,, Ef,, S^, .^b, ilb have been observed [2]. In 2002, 
the SELEX collaboration reported the first observation of a signal for the doubly charmed baryon 
state S+ in the charged decay mode S+ — > A'^ K~'!t^ at the charm hadro-production experiment 
(E781) [5., and confirmed later by the same collaboration in the decay mode pD^K^ with 

■ measured mass Ms — (3518.9 ± 0.9) MeV [3]. However, the Babar and Belle collaborations have 
\ not observed any evidence for the doubly charmed baryon states in e^e~ annihilations [7j|8], and 

did not confirm the SELEX observations. Moreover, several new excited charmed baryon states, 
such as the Ac(2765)+, A+(2880), A+(2940), £+(2800), S+(2980), S+(3080), 2^(2980), S0(3080), 
have been observed by the Babar, Belle and CLEG collaborations in recent years p, [TUl [TTl [T^ . 
and re-vivified the interest in the spectroscopy of the charmed baryon states. On the other hand, 
the large hadron collider (LHC) will provide us with the whole excited bottom baryon states [13] . 
Therefore it is interesting to calculate the mass spectrum of the excited heavy and doubly heavy 
baryon states with the QCD sum rules. 

There have been several approaches to deal with the heavy and doubly heavy baryon masses, 
many works focus on the positive-party baryon states (one can consult Ref . |14' for more literatures) ; 
while the works on the negative-parity baryon states are relatively few, for example, the non- 
relativistic quark model [Mj [15] , the relativized quark model [TF] [17] , the relativistic quark model 
based on a quasipotential approach in QCD [HI [19], the potential approach combined with the 
QCD sum rules (20^, the full QCD sum rules [2ll[22l[^, the three-body Faddeev method [23, etc. 

The QCD sum rules is a powerful theoretical tool in studying the ground state heavy baryons 
[551 [5SJ [37] . In the QCD sum rules, the operator product expansion is used to expand the time- 
ordered currents into a series of quark and gluon condensates which parameterize the long distance 
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properties of the QCD. Based on the quark-hadron duality, we can obtain copious information 
about the hadronic parameters at the phenomenological side [25l [26l [27] . There have been several 
works on the masses of the heavy baryon states with the full QCD sum rules and the QCD sum 
rules in the heavy quark effective theory (one can consult Ref. j28j for more literatures). 

In Ref. [29], Jido et al introduce a novel approach based on the QCD sum rules to separate 
the contributions of the negative-parity light flavor baryons from the positive-parity light flavor 
baryons, as the interpolating currents may have non-vanishing couplings to both the negative- and 
positive-parity baryons [30]. Before the work of Jido et al, Bagan et al take the infinite mass 
limit for the heavy quarks to separate the contributions of the positive- and negative-parity heavy 
baryon states unambiguously ^31] . 

In Ref s. [28} l32l l33l [34] . we follow Ref. [29] and study the masses and pole residues of the 
and 1^ heavy and doubly heavy baryon states Aq, Sq, Sq, E'q, ^Iq, Eqq, 0.qq, Sq, Sq, Wq, 
"Eqq and ^*QQ in a systematic way by subtracting the contributions of the corresponding negative 
parity heavy and doubly heavy baryon states. In this article, we extend our previous works to 
study the I and | heavy and doubly heavy baryon states SQ(i ),'E.'q[^ ),^Iq{\ ), SQQ(i ), 
riQQ(i"), ^*q{^~), S^gd ~) and ^*qq{^^) by subtracting the contributions 

from the corresponding ^ and j heavy and doubly heavy baryon states with the full QCD sum 
rules. 

The article is arranged as follows: we derive the QCD sum rules for the masses and the pole 
residues of the negative parity heavy and doubly heavy baryon states Sq(^ ), SQ(i ), ^q{\ ), 

SQQ(r)' ^QQiD^ ^UD^ Sgd")' S^gd") and %q{1~) in Sect.2; in Sect.3, we 

present the numerical results and discussions; and Sect. 4 is reserved for our conclusions. 



2 QCD sum rules for the negative parity heavy and doubly 
heavy baryon states 

The ground state quarks have the spin-parity two quarks can form a scalar diquark or an 
axialvector diquark with the spin-parity 0"*" or 1"*" without additional relative P-wave, the diquark 
then combines with a third quark to form a positive parity baryon. If there exists a relative P- 
wave (which can be denoted as 1~) between the diquark and the third quark, we can combine the 
relative P-wave with the third quark to form an excited quark with the — \ or | firstly, 
then combine the negative-parity quark with the positive parity diquark to form a negative parity 
baryon. We can denote the quarks, diquarks and baryons with their spin-parity (or J^), and 
illustrate the process in the following formula explicitly. 
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the baryons with the 0+ and 1+ diquarks are usually called the A- type and S-type baryons respec- 
tively [33]. In the heavy quark limit, the heavy and doubly heavy baryon states can be described 
by the diquark-quark model [20]. In the quantum field theory, we usually construct the 0+ and 
1''' diquark currents with the anti-symmetric Dirac matrix C75 and the symmetric Dirac matrix 
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1 ± ± 

C7^, respectively. In this article, we construct the E-type currents to interpolate the 2 and | 
heavy and doubly heavy baryon states. 

The i"*" and I"*" heavy and doubly heavy baryon states Eg, Sg, fig, Sqq, flgq, Eg, Sg, fig, 
Sgg and figg cau be interpolated by the following currents J^^{x), J^Q{x), ,P^'^{x), J"'^^{x), 
J"««(:e), J^«(a;), J^«(:e), J^«(a:), j;'"" {x) and J^'^^lrr), respectively, 



J"'« (x 

jT'^ix 
jf'ix 



= e 



(a;)C7MC^i(a;)7''75Qfc(a:) , 
e'^'=(zf(x)C7^s,(x)7''75Qfc(x), 



Si {x)C-i^,Sj{x)-i^'-f5Qk{x) , 

e'^'=Qf(x)C7^Q,(x)7''75%(a:), 
e'^'=gf(x)C7^Q,(x)7''75Sfc(x), 



= e 



{x)C-ff^dj{x)Qk{x) , 
e'^'=(Z,f(x)C7^s,(a;)gfc(a;), 
e'J'=sf(x)C7^Sj(x)Qfc(a;) , 
e'^'=gf(x)C7^Q,(a;)qfe(x), 
e'^'=gf(x)C7^Q,(a;)sfc(a;), 



(2) 



where the Q represents the heavy quarks c and h, the i, j and k are color indexes, and the C is 
the charge conjunction matrix. In this article, we take the loffe-type interpolating currents for the 
spin i baryon states for simplicity |36j . the general expression of the spin i baryon currents is 



■q{x) 



['ipi{x)Cj5il:j{x)tpk{x) +ttpi{x)Cipj{x)j5il:k{x)] , 



where the tpi{x) denote the quarks q, s and Q [271 [311 [37] . If one choose the optimal parameter t, 
the results can be improved. 

The corresponding i and | heavy and doubly heavy baryon states can be interpolated by 
the currents = 175 and = ij^J'j]^ respectively, because multiplying 175 to the J+ and J+ 
changes the parity of the J+ and [2^ , where the J'^ and J+ denote the currents interpolating 
the Eq, S'g, rig, Eqq, riQQ and E*Q,E*Q,n*Q, E*qq, n*^^, respectively. 

The correlation functions 11^ (p) and 11^^ (p) are defined by 



n±(p) 



i J d^xe'P ^O\T{j^{x)J^{0)} |0) 
I [ dW^'-(0|T{j±(x)J±(0)}|0) 



(3) 



The currents J± couple to ^ baryon states B±, while the currents J^{x) couple to both the 
baryon states B'^ and the baryon states B± [3D], i.e. 



where 



(0|./+(0)|i?±(p))(B±(p)|J+(0)|0> 
(0|j;(0)|i3i(p))(Bi(p)|J+(0)|0) 
(0|J+(0)|i?±(p))(B±(p)|J+(0)|0) 

(0|J±(0)|i3±(p)) 
(0|J±(0)|i?i(p)) 

(0|J±(0)|B^(p)) 



-75 (0| J- (0) |i3± (p)) (Si (p) I J_ (0) 1 0)75 , 
-75 (0 1 J- (0) I Si {p)) {Bl ip) I J- (0) 1 0)75 , 
-75(0|J;(0)|i?±(p))(B±(p)|J-(0)|0)75, (4) 



X±U{p,s) , 
A±C/p(p, s), 

A, 



[In. 



U{p,s). 



(5) 
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the X± are the pole residues and the M± are the masses, and the spinor U{p, s) satisfies the usual 
Dirac equation (j/— M±)U{p) — 0. 

The n^(p) and Il^^{p) have the following relation 

n-(p) = -75n+b)75, 

n;.(p) - -75n+,(p)75. (6) 

We insert a complete set of intermediate baryon states with the same quantum numbers as the 
current operators J^{x) and J^{x) into the correlation functions n~(p) and n^^(p) to obtain the 
hadronic representation [321 US] • After isolating the pole terms of the lowest states of the heavy 
and doubly heavy baryons, we obtain the following results |29j : 



- -n_(p).g,,, + ... , (7) 

where the M± are the masses of the lowest states with the parity ± respectively, and the A± are 
the corresponding pole residues (or couplings). In this article, we choose the tensor structure 17^,1/ 
for analysis, the i baryon states have no contaminations. 

If we take p — (here we use the n(p) to denote the n^(p) and n_(p) together), then 



Imn(po + ie) ,2 70 - 1 ^ n r \ , \2 7o + l x 

hmite^o z ^- — 2 — ~ + — 2 — ~ 

joA{po) - B{po) + • • • , (8) 



where 



Aipo) - I [>lSipo - M_) + XlS{po - M+)] , 

B{po) - ^[X^_S{po-M^)-Xl6{po^M+)] , (9) 

the A{pq) + B(po) and A{po) — B(j)q) contain the contributions from the negative-parity baryon 
states and positive-parity baryon states, respectively. 

We calculate the light quark parts of the correlation functions n~ (p) and (p) in the coor- 
dinate space and use the momentum space expression for the heavy quark propagators, i.e. we 
take 



Sij 9sGij (Tapdt + mq) + Qi + TnQ)(Jap 



27r)4 J y}t-mQ 4 (F - m|)2 

~ (fc2 



+—(^^)^^J'^Q ^2 Si + • • • h (10) 



where ( "°^'^ ) — ( "°'^°^'^ — ), then resort to the Fourier integral to transform the light quark 
parts into the momentum space in D dimensions, take p — 0, and use the dispersion relation to 
obtain the spectral densities p'^(po) and p^{po) (which correspond to the tensor structures 70 and 
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1 respectively) at the level of quark-gluon degrees of freedom. Finally we introduce the weight 



functions exp 



.Pi 

rp2 



pgexp 



'rp2 



, and obtain the following sum rules, 
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dpo [p^{Po) + P^iPo)] exp 



y2 



(11) 



A^M^exp 



Ml 
2^2 



dpo [p'^iPa) + P^{po)] pI exp 



ii 

y2 



(12) 



where the sq are the threshold parameters, the are the Borel parameters, and A — 2mQ + nis, 
2mQ, niQ + 2ms, mg + rus and mq in the channels f^gg, ■^qqj ^q'' '^^q ^"^^ ^Q^' respectively. 
The spectral densities p"^{po) and p^{po) at the level of quark-gluon degrees of freedom are given 
explicitly in the Appendix. 



3 Numerical results and discussions 

The input parameters are taken to be the standard values (qq) = — (0.24± 0.01 GeV)'^, (ss) = 
(0.8±0.2)(gg), (qg.aGq) ^mliqq), (sgsaGs) = ml{ss) , = (0.8 ± 0.2) GeV' [38ll39|, (^) = 
(0.012±0.004) GeV* [39], rUs = (0.14±0.01) GeV, = (1.35±0.10) GeV and mb = (4.7±0.1) GeV 
[2] at the energy scale pi = I GeV^. 

The value of the gluon condensate ( "°^'^ ) has been updated from time to time, and changes 
greatly [57]. At the present case, the gluon condensate makes tiny contribution, the updated value 
(H^pc) = (0.023 ± 0.003) GeV^ [27] and the standard value {^^^) = (0.012 ± 0.004) GeV'' [SS] 
lead to a tiny difference and can be neglected safely. 

For the light quark masses, we take the approximation rriu — md « 0. The values listed in 
the Review of Particle Physics are m„ = 2.49tQ;7gMeV and ma = 5.05to;g5MeV at the energy 
scale n = 2 GeV [2]. The values to, = =5.6 MeV [37] and rn, = lead to a difference less 

than 2 MeV for masses of the Qqs, Qqq' and QQq baryon states, we can neglect the u and d quark 
masses safely. 

The Q-quark masses appearing in the perturbative terms are usually taken to be the pole 
masses in the QCD sum rules, while the choice of the mq in the leading-order coefficients of 
the higher-dimensional terms is arbitrary [27l [40]. The MS mass mdm^) relates with the pole 

mass rhc through the relation mc{rn^) = rhc 

the approximation mc(m^) « rhc without the as corrections for consistency. The value listed 
in the Review of Particle Physics is ■mc{m'j.) = 1.27^Q QgGeV 2 , it is reasonable to take rhc = 
mc(lGeV^) = (1.35 ± 0.10) GeV. For the b quark, the WS mass is rrn,{ml) = 4.191^;^^ GeV 
[2], the gap between the energy scale /i = 4.2 GeV and 1 GeV is rather large, the approximation 
TOfc rribimf) w TOfc(lGeV^) seems rather crude. It would be better to understand the heavy 
quark masses rUc and mb we take at the energy scale /i^ = 1 GeV^ as the effective quark masses (or 
just the mass parameters). Our previous works on the mass spectrum of the ^ and | heavy and 
doubly heavy baryon states and the ^ antitriplet heavy baryon states indicate such parameters 
can lead to satisfactory results [25] [Ml 131] ■ 

In Ref.[lT], Bagan et al observe that the contribution from the mixed condensates has a term 
that behaves like ^ (the v is the heavy quark velocity) for the doubly heavy baryon states, which 
indicates a coulombic correction and requires a complete treatment of the nonrelativistic coulombic 
corrections. In this article, we take (almost) the same pole contributions and analogous convergent 
behaviors in the operator product expansion as our previous works [531 131] : where the positive- 
parity doubly heavy baryon states were studied with the vacuum condensates up to dimension 4, 
and neglect the contributions from the mixed condensates for consistency. We also present the 



In this article, we take 
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results with the mixed condensates for comparison, see Table 1. For the ^ doubly heavy baryon 
states, there are cancellations among the mixed condensates which originate from the diagrams 
where the gluons emitted from the two heavy quarks and the light quark respectively and then 
absorbed by the light quark. The net contributions are minor and can be neglected safely. On the 
other hand, for the | doubly heavy baryon states, there are only contributions from the mixed 
condensates which originate from the diagrams where the gluons emitted from the light quark and 
then absorbed by the light quark itself. There are no cancellations, the inclusion of the mixed 
condensates can result in masses about (30 — 50) MeV larger than the corresponding ones without 
them, and the uncertainties of the masses originate from the parameter = (0.8 ± 0.2) GeV^ are 
less than 10 MeV. 

In calculations, we neglect the contributions from the perturbative corrections ©(a"). Those 
perturbative corrections can be taken into account in the leading logarithmic approximations 
through anomalous dimension factors. After the Borel transform, the effects of those corrections 

are to multiply each term on the operator product expansion side by the factor, — - 



where the Tj is the anomalous dimension of the interpolating current J{x) and the Tq^ is the 
anomalous dimension of the local operator C'„(0). We carry out the operator product expansion 

at a special energy scale /i^ = 1 GeV^ , and set the factor 



^^2) ~ 1, such an approxi- 

mation maybe result in some scale dependence and weaken the prediction ability. In this article, 
we study the ^ and | heavy and doubly heavy baryon states systemically, the predictions are 
still robust as we take the analogous criteria in those sum rules. 

In Refs. pSl [5^ 1551 [M] . we study the masses of the antitriplet heavy baryon states Kq{^'^), 
SQ(i ), and the and |^ heavy and doubly heavy baryon states Sq, Sq, Jig, Sqq, VIqq, 
Sq, Sq, rig, 5qq and ^*qq systematically by subtracting the contributions of the corresponding 
negative (or positive) parity heavy and doubly heavy baryon states, and obtain satisfactory results. 
In calculations, we take the values ^/sq — Mg^ « (0.7 — 0.8) GeV and the pole contributions « 
(45 — 80)% and (45 — 70)% in the charmed channels and the bottom channels respectively, where 
the So stands for the central values of the threshold parameters, and the Mg^ stands for the 
experimental values of the heavy and doubly heavy baryon states Ac(^^), Sc(^^), Ab, S^, Sc, 
S^, ric, Sfc, fib, S*, S*, Q*, Ej, flee hsted in the Review of Particle Physics [2|, here we take the 
average value of the mass of the ilb from the experimental data of the DO and CDF collaborations 

mm- 

In the conventional QCD sum rules |251 126) . there are two criteria (pole dominance and con- 
vergence of the operator product expansion) for choosing the Borel parameters and threshold 
parameters sq . We can borrow some ideas from our previous works [351 1311 1231 IM] > and take the 
values = Mgy + 0.7 GeV as guides (where the Mg^ denotes the ground state masses of the 
negative parity heavy and doubly heavy baryon states from the non-relativistic quark model [2]), 
and impose the two criteria on the heavy and doubly heavy baryon states to choose the Borel 
parameters and threshold parameters sq. If we take the contributions of the pole terms to be 
(45 — 80)% and (45 — 70)% in the charmed channels and the bottom channels respectively (for the 
central values of the threshold parameters, the pole contributions are larger than or equal 50%), 
and the contributions of the perturbative terms to be (50 — 90%) in the operator product expansion 
as in our previous works |28[ 1321 [551 134] . we can obtain approximately uniform Borel windows. In 
this article, we take the uniform Borel windows T^^^ - r,^ = 1.0 GeV^, 1.5 GeV^ and 2.0 GeV^ 
in the singly heavy baryon channels, the doubly charmed baryon channels and the doubly bottom 
baryon channels, respectively; the corresponding threshold parameters are presented in Table 1. 
The two criteria of the QCD sum rules are fully satisfied [151 [55]. If we take the values < T^^^, 
the resulting masses and pole residues change quickly with variations of the Borel parameters, 
and no satisfactory Borel plateaus can be obtained. On the other hand, if we take the values 

> T^^^, the pole contributions are reduced remarkably, we have to postpone the threshold 
parameters Sq to larger values, the contributions from the higher resonances and continuum states 
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may be included in, which will weaken the prediction ability. Although with fine-tuning, we can 
obtain slightly larger Borel windows, the predictions cannot be improved remarkably, we prefer 
the uniform Borel windows 1 GeV^, 1.5 GeV^ and 2.0 GeV^ in the due channels. 

In this article, we take uniform uncertainties for the threshold parameters, S^j^ — ±0.1 GeV. 
In calculations, we observe that the predicted masses are not sensitive to the threshold parameters 
in the Borel windows, although they increase with the threshold parameters, the higher resonances 
and continuum states are suppressed by the factor exp — f& 0(Po ~ •^o) ^ e~^. In fact, we can 
take larger uncertainties, = ±0.2 GeV, which can enlarge the uncertainties of the masses 

about (0.01 — 0.03) GeV. For example, if we take the larger uncertainties — ±0.2 GeV and 
the same pole contributions, the Borel parameters in the channels flc, O*, and S* should 
be taken as « (2.9 - 3.5) GeV^ (2.9 - 3.5) GeV^ (2.7 - 3.3) GeV^ and (2.7 - 3.3) GeV^ 
respectively, i.e. the Borel windows shrink, the predicted masses are M = (2.98 ± 0.18) GeV, 
(2.98 ± 0.18) GeV, (2.87 ± 0.18) GeV and (2.87 ± 0.19) GeV, respectively; the uncertainties are 
enlarged by (0.01 - 0.03) GeV. 

Taking into account all uncertainties of the revelent parameters, we can obtain the values of 
the masses and pole residues of the i and | heavy and doubly heavy baryon states Sq(^ ), 

%i-2~)^ ^Qil~)' ^QQil')^ ^QQi-2~)^ Sgd.")' S^(r)' %ir)^ Sggd") and fl^gd"), which 
are shown in Figs. 1-4 and Table 1. In this article, we calculate the uncertainties S with the formula 



dxi 



\xi—Xi (^^i ^i)^ ; (-^^) 



where the / denotes the hadron mass M_ and the pole residue A_, the Xi denotes the input QCD 
parameters rric, rni,, (qq), (ss), and the threshold parameter sq and Borel parameter M^. 
As the partial derivatives are difficult to carry out analytically, we take the approximation 

(^1") ~ ■^*)^ ~ [fi^i i Axi) — /{xi)]^ in the numerical calculations. 

In Table 1, we also present the results from the non-relativistic quark model [IT and the 
relativistic quark model based on a quasipotential approach in QCD p^lT9]. the present predictions 
are in good agreement with those values within uncertainties. 

The charmed partners of the A baryon A+, A+(2595), A+(2625), A+(2765) (or I]+(2765)), 
A+(2880) and A+(2940) have been observed, the quantum numbers listed in the Review of Particle 
Physics are — ^ , i , | , ?, | and ?, respectively [Sj. The flux-tube model favors to identify 
those charmed baryon states with the spin-parity i"*", ^ , | , |^ and | , respectively 
|41) . In Ref. |32j . we study the mass spectrum of the flavor antitriplet heavy baryon states 
(A+, S+,E!°) and (AjJ, S°,S^) by subtracting the contributions from the corresponding heavy 
baryon states with the QCD sum rules, the predictions — (2.26 ± 0.27) GeV and Ma^(2595) = 
(2.61 ± 0.21) GeV are in good agreement with the experimental data. 

The baryon states 5^, S^, 2^(2645), 2^(2790), 5^(2815), 2^(2980), 5^(3055), 5^(3080) 
and Sc(3123) listed in the Review of Particle Physics have the spin-parity i^, i^, 5 , | , 

?, ?, ? and ?, respectively [2]. The 2^(2790) and 5^(2815) with the spin-parity i~ and |" 
respectively can be interpreted as the charmed-strange analogues of the A+(2595) and A+(2625), 
or of the A(1405) and A(1520); they are flavor antitriplet or A-type heavy baryon states [T4l. Our 
predictions Afe, (2.44 ± 0.23) GeV, Mh'^ = (2.56 ± 0.22) GeV, Mh^(2645) = (2.65 ± 0.20) GeV 
and AfH^(279o) = (2.76 ± 0.18) GeV are in good agreement with the experimental data ^5115^151] . 
In the non-relativistic quark model fl4' and the relativistic quark model based on a quasipotential 
approach in QCD ^8jil9j, the Sc(2815) is taken as the A-type baryon state. Although the coupling 
of an E-type interpolating current to a A-type baryon state is very small, the present prediction 
Mg;. = (2.86 ± 0.17) GeV from the S-type interpolating current is compatible with the mass of the 

Sc(2815), an E-type 2^(2815) with the spin-parity |" is not excluded. The 2^(2980), 2^(3055), 
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000 
0.000 




6.1 — 4.0 


/I r. _i_ n 1 
4.0 ± U.i 


0. / ± U.lo 


U.IdU ± U.Uo ( 


Q 01 A 

o.9iU 


0.000 


(' 1 ^"l 

1 ^cc V 2 / 


OA A f\ 

0.4 — 4.9 


4.6 ± u.i 


O.yi ± U.14 


c\ 1 no _i_ n A /1 1 
U.lyz ± U.U41 


4.046 


A AAO 

4.UUZ 


i ^cc 2 / 


OA 4 Ci 

0.4 — 4.9 


4.6 ± U.l 


no 1 n 1 

3.92 ± U.16 


A 1 AO 1 A A /I 1 

0.192 ± 0.041 


A r\ A p 

4.046 


A AAO 

4.002 


"bfc(,2 i 


0.0 — iU.O 


ii.i ± U.i 


iU.38 ± 0.15 


n odA _i_ A noo 
0.364 ± O.O08 


1 A /I AO 

10.493 


1 A 

10.632 


■=b&(2 ) 


0.0 — iU.O 


ii.i ± U.i 


1 (A on 1 n 1 r 
iU.39 ± 0.15 


0.365 ± 0.0o9 


1 A /I AO 

10.493 


1 A 

10.632 




9.1 — ii.i 


11. Z ± U.i 


iU.53 ± 0.15 


A A AO _l_ A 1 A 1 

0.443 ± 0.101 


1 A 1 

10.616 


1 A 'TTI 
10. ( 1 I 


"fc6l,2 ^ 


9.1 — ii.i 


11. Z ± U.i 


in co_i_n ic 
10.53 ± 0.15 


A /1/1/1_I_A1A1 

0.444 ± 0.101 


1 A 1 

10.616 


1 A ^771 
10. Ill 


^cl,2 / 


2.4 — 3.4 


3.5 ± U.l 


2 74 ± U 20 


U 037 ± 009 


2.763 


2.761 


V 2 ' 


2.6-3.6 


3.6 ± U.l 


2.86 ±0.17 


0.045 ± 0.009 


2.871 


2.900 




2.8-3.8 


3.7 ± U.l 


2.98 ± U.16 


0.072 ±0.013 


2.986 


2.998 


) 


5.0-6.0 


6.8 ± U.l 


6.U0±0.18 


0.047 ±0.012 


6.101 


6.076 




5.3-6.3 


6.9 ± U.l 


6.14 ±0.16 


0.054 ±0.013 


6.194 


6.212 




5.6-6.6 


7.0 ±0.1 


6.26 ± U.15 


0.095 ±0.019 


6.304 


6.330 


"* (^^) 
^cc\2 ' 


3.3-4.8 


4.5 ± U.l 


3.77±U.17 


0.087 ±0.019 


3.921 


3.959 


■5* 

"cc\2 


3.5-5.0 


4.6 ± U.l 


3.80 ±0.18 


0.095 ±0.020 


3.921 


3.959 


^'ccV2 > 


3.6-5.1 


4.6 ± U.l 


3.91 ±0.16 


0.105 ±0.020 


4.052 


4.102 


^'ccV2 7 


3.9-5.4 


4.7 ± U.l 


3.96 ±0.16 


0.116 ± 0.022 


4.052 


4.102 


"bhl2 


9.0-11.0 


11.1 ± U.l 


10.39 ±0.15 


0.206 ±0.049 


10.495 


10.647 


^bb\2 ) 


9.3-11.3 


11.2± U.l 


10.43 ±0.15 


0.227 ±0.052 


10.495 


10.647 


0* ('S^'l 


9.3-11.3 


11.2± U.l 


10.52 ±0.15 


0.251 ±0.056 


10.619 


10.785 


$1* ri^^"! 

"fcbV2 ) 


9.6-11.6 


11.3± U.l 


10.57 ±0.15 


0.275 ±0.059 


10.619 


10.785 



Table 1: The masses and pole residues of the ^ and | heavy and doubly heavy baryon states, we 
also present the predictions for the masses from some quark models for comparison. The wide-hat 
denotes that the mixed condensates are taken into account. 
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f (GeV^) " ''^ ''^ ''^ " f (GeV^r 




4 4 4.a 5 2 5.6 6 

f (GeV') 



- Central value; 

- Upper bound; 
■■ Lower bound. 



S.2 5.R 6.0 6.4 

T' (GeV') 




T (GeV^) 



Central value; 

H Upper bound; 

Lower bound. 

3 2 3 6 4 4 4 4.8 6 2 5.6 

f (GeV'} 



-Central value; 
- Upper bound; 
■■ Lower bound. 



7.0 7.5 8,0 8.5 9.0 9.5 ■ 



f (GeV^) 



- Central value; 

- Upper bound; 
■■ Lower bound. 



T' (GeV^) 



Figure 1: The masses of the ^ heavy and doubly heavy baryon states, the A, (7, F, 
G, H, I and J correspond to the channels Sc(^ ), ), ilc(^ )^ ^b{^ ): ^^(l )^ ^b{^ ), 

Scc(^ ), ^cc(^ ), ^^^(^ )andl^bb(^ ), respectively. 
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Figure 2: The masses of the | heavy and doubly heavy baryon states, the A, B, C, D, E, F, 
G, H, I and J correspond to the channels S*(§"), rj*(|"), S^d"), 

S^ed"), f^c*c(r), and respectively. 
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T (GeV ) 



T (GeV ) 



T (GeV ) 



Central value; 

H Upper bound; 



20 2 4 2 a 3 2 3 6 4 4.4 4 3 52 5.6 

f (GeV') 




Figure 3: The pole residues of the | heavy and doubly heavy baryon states, the A, B, C, D, E, 
F, G, if, / and J correspond to the channels Ec( 5 ), flc{^ ): Sb(i ): ): ^6(5 ); 

Sec (5 ),^cc{^ ), ) and ^lbb{^ ), respectively. 
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f (GeV') 



Figure 4: The pole residues of the | heavy and doubly heavy baryon states, the A, B, C, D, E, 
F, G, H, I and J correspond to the channels rj*(|~), 
KM^), KciV)^ Sfefcd") and ^IbiV)^ respectively. 
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Sc(3080) and Sc(3123) are unlikely the | state due to their large masses. The ^c(3080) is 
tentatively identified as the strange partner of the Ac(2880) with the spin-parity |^ jTUJ 
the Sc(2980) maybe have spin-parity [H |42] or [10], the 5^(3055) and 2^(3123) can be 

interpreted as the second orbital (ID) excitations of the Sc with |^ containing scalar and axial- 
vector diquarks, respectively [T8|. 

Only three Ec baryon states Ec(2455), I]c(2520) and I]c(2800) have been observed, the quantum 
numbers listed in the Review of Particle Physics are i , | and ?, respectively [2]. The possible 
spin-parity of the Ec{2800) is i", |~ and |" [H], or |" [TUl [H \M- In R.efs.[li |31 [311, we 
study the ^ and | heavy and doubly heavy baryon states by subtracting the contributions from 
the corresponding i and | heavy and doubly heavy baryon states with the QCD sum rules, 
the predictions Ms^(2455) = (2.40 ± 0.26) GeV and Me^(252o) = (2.48 ± 0.25) GeV are in good 

agreement with the experimental data. If we tentatively identify the Ec(2800) as the | state, 
the present prediction M^* = (2.74 ±0.20) GeV with the same methods as Refs. |28[ [551151] is very 
good. 

The properties of the charmed and doubly charmed baryon states would be studied at the 
BESIII and PANDA [43l [44), where the charmed baryon states are copiously produced at the 
e~^e~ and pp collisions. The LHCb is a dedicated b and c-physics precision experiment at the LHC. 
The LHC will be the world's most copious source of the b hadrons, and a complete spectrum of the 
b hadrons will be available through gluon fusion. In proton-proton collisions at y/s = 14 TeV, the 
bb cross section is expected to be '-^ 500/i6 producing 10^^ 66 pairs in a standard year of running at 
the LHCb operational luminosity of 2 x lO'^^cm^'^sec"^ ji3j. The present predictions for the masses 
of the ^ and | heavy and doubly heavy baryon states can be confronted with the experimental 
data in the future at the BESIII, PANDA and LHCb. 

4 Conclusion 

In this article, we study ^ and | heavy and doubly heavy baryon states SQ(i ), '^q{^ ), 
^Qif)^ 2QQ(i-), nQQif), S^d"), S^(|-), S^gd") and ^gd") by subtracting 

the contributions from the corresponding ^ and ^ heavy and doubly heavy baryon states with 
the QCD sum rules in a systematic way, and make reasonable predictions for their masses. The 
present predictions can be confronted with the experimental data in the future at the BESIII, 
PANDA and LHCb, especially the LHCb. Once reasonable values of the pole residues A_ are 
obtained, we can take them as basic input parameters and study the revelent hadronic processes 
with the QCD sum rules. 
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Appendix 

The spectral densities of the ^ and | heavy and doubly heavy baryon states SQ(i ), 5Q(i ), 

ngi^-), SQQ(i~), r!QQ(i"), S^d"), S^d"), ri^d"), S^gd") and ^gd") at the level of 
quark-gluon degrees of freedom. 
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PEg(P0) 



/'H«o(P0) 

pi.,(Po) 



\pqq{Po) Irp. 

^PhqCpo) Irp; 

^Pn-^iPo) Irp , 

^Pn^(Po) Irp; 
PnQQiPo) Irp, 
^nQQ(Po) Irp, 

Pa^^(Po) Irp, 



Po 



Pomsiqq) 



ms{ss) '■■^ 



+ 



+ 



47r2 

msjsgscrGs) 

247r2 
ms{qgsaGq) 

327r2 





'1 + ^" 


/o 


4T_ 



o(po - TOg) H ^ S(po ~ mg) 



967r2 

i2 



m: 



2887r2 



^) £ dt{4 - 5t) + ^(^) df(l - t)m^^(po - mg) 
,^ (l-t)^ ^ mg] ^, ^ , 



647r4 Jt 
rris [6{qgsaGq) - (sgsaGs)] 



2 msmQjqq) 
27r2 



(it 



msmQ{ss) 



dt 



+ 



967r2 



d(po - mg) H 6{po - mq) 



TTiQ agGG , 



1927r2 ' TT ' 

mg asGG ^ 
' 3847r2 ^ TT ' 



dt 



-3 - 2t + 



t2 



dt 



mg5(po-mg), 
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PQQiPo) 



Po 

167r4 



£ dttil - tfipl - ml){5pl - 3ml) ' ^^^^ ^tt 



+ \ ' I dU{l-t) 



+ 



irisisgsaGs) 



3po + -Y-S{po - toq) 



/ dtt 




Jo 


_ AT _ 



S{po - mg) H —S{po - mq) 



87r2 



5{po - mq) 



Pq OgGG 



487r2 



dt{A - 5t) 



ml asGG. [\Al-t) 



2>mq 



1 + 

4T 



j\tii-tnpi-mir-'-i^^f^J\t 



+ 



247r2 



(5(po - mq) + 



2{s 



-d{po - mq) 



mq ,a.GG_^ /'rfi 



967r2 TT 



mq UgGG 

192772^ TT 



-3-2t+- 



(l-i)2_ 
di mq5{po - mq) , 



(17) 



(18) 



3po 
87r4 



da / dPaP{l — a — (3){pq — TOq)(5po — Sfriq) 
^Sm^po "rf;3(i_c,-/3)(p2_^^|) 



87r4 
4 



"^^^)rdar"d/3(l-a. 

7^ ./ai ./ft 



247r2 



a /3 
;92 +^ 



1 + ^ 
4T 



327r2 ' TT 



da 



l-a 



dP{l -a- 13) 



1 1 
1 1 " 



^(Po - mg) 
5(po - mq) 



S{po - mq) 



mglss) f"' r 2 ~ 

H — Ijj^ y daa(l-a) Qpo + Pq5{pq - mq) 



+ 



msmQ{ss) f"f 



87r2 



/ da5(po - mq) 



3po + -^5{po - mq) 



,{sgsC7Gs) rf 



47r2 



daa(l — a) 



3po , Po 



+ 



ST 16r2 



<5(Po-mQ), 



(19) 



15 



+- 



47r4 



da 



_ ml) 



967r2 



d/3 



dp 



(ss) /""^ r ^2- 



a /3 ■ 
1 1 
1 1 



1 1 ■ 

S{po - mo) 



r 



da 



167r2 



1 + ^Hpo - itiq) 



daa{l — a) 



87r2 



I daa{l — a) 



1+1 Y + |^)^(P0-mQ) 



1 + '^5{po - mq) 



(20) 



p4(Po) 



dtt(2 + - t)2(p2 _ ^^)2 + Po^^ £ dtt' 
ms{qq) , ms{sgs(jGs) 



Po 
1287r4 



87r2 



1927r2 



dU6{po - mq) 



ms[2,{qgsCrGq) - {sQsCjGs)] {qq){ss) 
+ T7:7r^ -^m - mq) + \\ ' 5{po - mq) 



1927r2 
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, X ,Q,GG, /■\f'-3/+2,, ^ 



Po ,as 



— > 



pf.(Po) 



+ 



uismqisgsaGs) ~ . , 



2/ 2 ~2^2 , msmqiss) msmq{qq) 
[3{qgs(7Gq) - {sggaGs)] 



1927r2 



-S{po - mq) 



+ ^t^^(Po-™q)-^^(^^> / dt{2-t) 



12 



11527r2 



mq ttsGG f 



23047r2 



dt mqd{pQ - mq) , 



(22) 



16 



ms{sgsaGs) ~ . , ms{sgsaGs) \ 
/ -) / dtt{2 -t)+ A )/ dt — T2 — %0-mQ) 



Poj(^^o) = ^ dt{2 + - tfipl - mlf - "^'If^ [ - ^) 

H ^g^2pg j dt6{po - mQ) -\ S(po - mQ) + —^S(po - mQ) 



m,Q .asGG. f\t^-3t + 2 



11527r2' TT 'in t 



) / mQS{po-mQ), (24) 



l-a 



m?) o,GG /""-f Z"^"" 



192772 ' TT 

.4 



on. 2 ^ / / dp{l-a-p) 



a /3 
;82 +^ 

1 1 



2T 



6{po - mQ) 
S{po - rhq) 



1 1 



Po + -j5{Po - ruQ) 



,(^£ilil) / da/ d^(l-a-/3) 

7^ Ja, J/3, 



5(po - mg) 



167r2 



487r2 



ms{sgscrGs) f"^ 



P'o 



Po + -^Hpo - i^q) 



327r2 



/ 

J at 



daa(l — a) 



3T 6T2 



da(5(j3o - itiq) 



(25) 



17 



3ms 
32^ 



da 



Pi 



da / fi/3(po - rno) 



167r4 



Q 



3847r2r ' TT 
TOsm^ .asGG 



da 



d(3 



/3> 



a 



3847r2p^T 



da 



d/3 



+ 



/3. 
1-a 



d/3 



47r2 
TTT-s ,asGG 



daa{l — a) 



+ 



547^2 7]- 

167r2 



da 



2Po - "^Q 

l-a 

dp 

Pi 



1 1 
1 



a^ 



5{pq - fhq) 
S{po - rhq) 



47r2 



da 



1 



Po 
6 



(^(Po - mq) 



daa{l — a) 



2po 



2T 



S{pq - mq) 



where a 



2 ' 



channels 17QQ(i"), S^q(|") and %q{^~); and m| 



q;9 



_ '"O 



i(1-q) 



(26) 



the 



in the channels 

Po 

SQ(i~), Sg(i~), fiQ(i~), I;q(|~), Sq ( | " ) and $1^(1^); the RP denotes the replacements 
(ss) — (^<z), {sgsCrGs) — >■ {qgsoGq) and —J' 0. 
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